A study was conducted to assess the enzyme profiles of microorganisms isolated from biologically damaged artwork. A total of 15 paintings were screened for fungi and bacteria using standard microbiological methods. Aspergillus spp (26.2%) and Bacillus spp (21.4%) were the most common causes of spoilage among 42 isolates. Representative fungal and bacterial isolates (n=14) were screened for 20 enzymes. All isolates (100%) possessed cellulolytic and phosphate mobilizing enzymes; 79% produced lipid-degrading enzymes. In the light of the changing industrial demand for the use of enzyme-based processes and non-animal enzyme sources, these microbial populations have a promising role.
INTRODUCTION
Microbial enzymes are commonly employed in industry. Hydrolytic enzymes such as proteases, carbohydrases and lipases dominate 70% of the enzyme market (Li et al., 2012) . Examples of industries that use enzyme dependent processes include those that manufacture detergents, food, paper, textiles, baking products, beverages, leather products, infant milk formulae, animal feed and personal products (Kirk et al., 2002) . Even though chemically driven processes have replaced enzymes in some sectors, the alarming chemical footprint caused by effluents, is causing industries to revisit "bio" based technologies. Microbial enzymes are increasingly preferred over animal and plant enzymes, due their stability and ease of harvest. They are also preferred in production lines that cater to vegan and vegetarian consumers (Falony et al., 2006; Anbu et al., 2013) .
Screening environmental isolates for novel enzymes is crucial in enzyme biotechnology (Kaul and Asano, 2011) . Environmental microorganisms with degradation potential mostly belong to soil taxa (Pepe et al., 2010) . Though the choice of resources for isolating microorganisms is vast, only those that are less fastidious, efficient and stable producers of enzyme(s) under varying microclimate conditions are considered for upscaling (Li et al., 2012; Nigam et al., 2013) .
While substrates with nutritive support are ideal for most microorganisms, the unsuspecting ingredients present in chemicals used in paintings have also been reported as loci for microbial contamination.
Studies have shown that chemolithotrophs can live in inorganic chemical constituents, while heterotrophs can colonize on organic materials (Pepe et al., 2010) . Cellulose of canvas materials, glue, linseed oil, pigments in paints, dust, dead or living cells accumulating on the painted surface and hydrocarbons in the air, act as sources of micro-nutrients. Years of slow enzymatic damage release nutrients from the substrate for microbial survival, giving way to loss of viscosity, gassing, malodor and sometimes visible surface growth (Gillat, 2011; López-Miras et al., 2013) . While microorganisms with specific inorganic chemical requirements need special isolation techniques and media; long surviving spore formers with little or no nutrients are easier to isolate, maintain and upscale in the laboratory.
This study was designed to isolate and identify microbial causes of contamination from wall paintings provided for restoration and to screen the isolates for production of 20 enzymes. The list of enzymes and their economic importance are elaborated in table 1.
MATERIALS AND METHODS

Sample Collection, Microbial Isolation and Identification
A total of 15 paintings with signs of biological damage were identified by an art restoration expert for analysis. The paintings were properties of local collectors, submitted for art restoration and reframing. Damaged areas were observed to have pigmentation, color alteration, eroded surfaces and spore formation. The surfaces were wiped with alcohol swabs to remove surface contaminants. The pigmented areas that were outside the painted area were scraped using a sterile scalpel. Damaged areas on the painting were sampled using sterile swabs and transported in a sterile container to the lab. All samples were inoculated onto two complex media and one chemically defined media -Nutrient Agar (NA), Sabouraud"s Dextrose Agar (SDA) and Algae Culture Agar (ACA) (Sigma Fluka-17130) respectively. The purpose of using complex media was to isolate bacteria and fungi. ACA, a chemically defined medium with no carbon source, was used to ascertain the presence of photoautotrophs. NA culture plates were incubated at 37°C, SDA culture plates were incubated at 30°C while ACA were incubated at 25°C in the presence of light in a plant tissue culture facility.
Aerobes that grew on NA were presumptively identified microscopically using Gram stain and conventional biochemical methods used in microbiology. Fungi that grew on SDA were identified morphologically. Isolates that grew without a carbon source on ACA were identified based on morphology and were labelled as autotrophs. Online fungal databases such as Mycota and Mycology online, were used for identification.
Study of Enzyme Profiles of Isolates
To determine whether the bacterial and fungal isolates had metabolic and degradative capabilities responsible for the biodeterioration observed on the paintings, an enzymatic characterization of representative microorganisms was performed using the API ZYM kit (bioMerieux, France) (Ma et al., 2015) ; manufacturer"s instructions were followed. The kit allows detection of the activity of 19 enzymes (alkaline phosphatase (Bph), esterase (Est), esterase lipase (Esl), lipase (Lip), leucine arylamidase (Leu), valine arylamidase (Val), cysteine arylamidase (Cys), trypsin (Try), chymotrypsin (Chy), acid phosphatase (Aph), naphtol-AS-Bi-phosphopydrase (Nap), α-galactosidase (αGa), β-galactosidase (βGa), β-glucuronidase (βGl), α-glucosidase (αGs) β-glucosidase (βGs), N-acetyl-β-glucosaminidase (Nac), α-mannosidase (αMa) and α -fucosidase (αFu). Bacterial cell suspensions for 6 bacterial isolates were adjusted to 4 McFarland opacity standard corresponding to 10 9 bacterial cells cm -3 . For fungal isolates (n=8), 48h supernatants were used. As per the manufacturer"s instructions, 65µl of suspension was inoculated on a plastic strip, into cupules containing the different substrates. All strips were incubated at 20°C for fungi and 37°C for bacteria, for 48 hours. The obtained results were compared with the semiquantitative chart provided by the manufacturer; enzyme activities were expressed in nanomoles (nM) of hydrolyzed substrates. Cellulase activity was tested by the Congo paper method of screening (Sakai et al., 1993) . A medium comprising Luria Bertani (LB agar) + 1% (w/v) carboxymethyl cellulose + 0.8% Congo red was prepared. Filter paper discs were impregnated with 8l of bacterial/fungal culture broth on the discs, and the plates were incubated at 28°C for 24-48h.
RESULTS AND DISCUSSIONS
Microbial Isolates from Biologically Damaged Artwork
From a total of 15 paintings, 42 microorganisms which comprised 18 bacterial isolates and 24 fungal isolates were obtained. Aspergillus spp (26.2%, 11/42) and Bacillus spp (21.4%, 9/42) were the most common bacterial and fungal isolates respectively, on NA and SDA (Fig 1) . Based on morphological identification and biochemical characterization, the microorganisms could be identified to species level ( Table 2) . Some of these isolates were reported from previous studies on microbial distributions in art work in frescoes and caves (Ciferri, 1999; Pepe, 2010) . Fungal hyphae pose an additional hazard, as they penetrate deeply into materials and release extracellular enzymes, resulting in aesthetic and mechanical attack due to pigment contamination, acid corrosion, and enzymatic degradation (Gupta et al., 2012) . Isolates of Aspergillus nidulans, Aspergillus restrictus, Chaetomium spp, Fonsecaea spp and Aspergillus terreus were able to grow on organic free media (ACA) in the presence of light indicating that they were capable of autotrophic growth. However, no cyanobacteria or algae could be observed, which are also causes of biodeterioration, and capable of growing on ACA (Dakal and Cameotra, 2012) . (Mycota, 2015) . Among the heterotrophic bacteria, Bacillus sp, Streptomyces sp and Enterobacter sp are usually reported from the environment. A recent study reported Enterobacter sp from lead containing paint effluents (Lawrence et al., 2013) . Though Micrococcus sp and Staphylococcus sp are human commensals, it is unlikely that they were isolated from the laboratory workers as gloves were used at all times, and the surfaces of the paintings were alcohol decontaminated before samples were scraped. Long term survival of these microorganisms are not only attributed to trapped spores, but also due to biofilms formed during temporarily nutritive periods and thereafter remain latent or as extremely slow growers with adaptation possibilities based on the substrate (Gorbushina et al., 2004) . 
Tricophyton sp 1
Streptomyces sp 2 Chaetomium sp 1
Cladophialophora sp 1
Blastomyces sp 1
Enzyme Profiles of the Microbial Isolates
The enzyme profiles of select microorganisms are shown in Table 3 . All fungal and bacterial isolates produced cellulase on Congo red test, with largest zone sizes recorded for Aspergillus spp and Bacillus spp. Based on the APIZYME results, all 8 fungal isolates tested produced esterase (Est), esterase lipase (Esl), phosphohydrase (Nap) and ß-glucosidase (ßGs). None of the isolates produced valine arylamidase (Val). All 6 bacteria produced Nap. A common skin commensal S. saprophyticus was positive for only 1 enzyme (Nap). Ten out of the 20 enzyme tests were negative for all the bacterial isolates, compared to only 1 enzyme test being negative for all the fungal isolates (Val), indicating that fungi have wider enzyme profiles (p<0.05).
The presence of these enzymes suggest that even though there is a lack of available nutrients on art work, the microorganisms digest various constituents on the art-piece to support their growth and proliferation (López-Miras et al., 2013) . The release of carbon dioxide, acids and other metabolic byproducts produced during cellular respiration are a potent cause of corrosion (Dakal and Cameotra, 2012) . Biofilm forming autotrophs have been reported in previous studies from frescoes (Milanesi et al., 2006) . Bacteria have been shown to use pigments as sole resources of nutrients in a recent study (Pavic et al., 2015) . The  APIZYM  Biomerieux  kits  include  dephosphorylating, polysaccharide, mucopolysaccharide, protein and lipid degrading enzyme tests. All the isolates (100%) tested produced cellulase; enzymes that were produced by more than 50% of isolates included βGs, Nac and αGa. Isolates (79%, 11/14) that were able to produce lipiddegrading enzymes such as C4 Est, also produced Esl. Phosphate mobilizing enzymes also appear important in corrosion, the most common enzyme being Nap (at pH5.4) produced by 100% of isolates, followed by Aph (at pH5.4) produced by 71% of isolates and Bph (at pH 6.5) by 57% of isolates. Among the 5 protein degrading enzymes (Leu, Val, Cys, Try, Chy), 50% (7/14) isolates were capable of producing leucine arylamidase. Productions of other proteolytic enzymes were negligible. In a similar study on a single oil painting canvas (López-Miras et al., 2013) , Bacillus spp among other isolates with lipolytic profiles were obtained. Most of our painting samples were paperbased and possibly account for the sugar degrading enzymes.
From the isolates studied, we can infer that microbes commonly reported from damaged art-work are primarily cellulolytic, glycoside hydrolyzing, dephosphorylating and lipolytic. The types of materials used by artists of the past and present are an extremely variable factor. Art work colonized by mixed microbial populations with different susceptibilities to existing control measures such as radiation, chemicals and antibiotics, pose a significant challenge and high expense to conservationists.
CONCLUSION
This study shows that microorganisms from biodegraded paintings, particularly fungi, possess several enzymes of key importance. Most of these microorganisms require minimal maintenance and survive with sparse or no nutritive source, yet produce considerable amounts of various enzymes. Further gene and protein manipulations may make it possible to further improve strain characteristics for industrial purposes (Parekh et al., 2000) . While in the past, high through-put chemical synthesis had considerably replaced microbial production of bioactive molecules; of recent, due to depletion of fossil reserves, constant demands for environmental safety and vegan sources of enzymes -research on microbial enzymes and lowcost sources has been revisited. Microbes from discarded paintings are thus possible considerations for cellulases and other industrially important enzymes.
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